In normal polymorphonuclear leukocytes the occurrence of a high rate of aerobic glycolysis with a concomitant large formation of lactic acid has been demonstrated (1, 2) and the enzymes and intermediates of the Embden-Meyerhof pathway have been isolated and identified (3-5).
There are indications for the presence and activity of the Krebs cycle, but the contribution of this cycle to metabolism is very small when compared to that of the glycolytic pathway (6). Polymorphonuclear leukocytes contain glycogen and the enzymes involved in glycogenolysis are present (7).
In previous work from this laboratory it was indicated that the carbons of acetate as traced by Cl4 label are incorporated into the glycogen of the leukocytes via the Krebs cycle (8). Pyruvate and iactate, however, followed a more direct path; probably involving the reversal of the pyruvic kinase reaction (8). In addition a highly asymmetrical distribution of label was observed in the glucose units of the glycogen, i.e. all 2-and 3-carbon substrates, thus far tested, have yielded hexose units containing 80 to 90% of their labeling in carbon atoms 4, 5, and 6 (8) . The occurrence of an active transaldolase exchange mechanism in leukocytes has been postulated to account for this distribution.
A contribution of the pentose phosphate pathway to the metabolism of glucose by polymorphonuclear leukocytes has been demonstrated (9) and certain enzymes of this pathway have been characterized (10). Sbarra and Karnovsky (11) in their study of guinea pig polymorphonuclear leukocyte metabolism, noted a significantly higher ratio of C-l to C-6 of glucose oxidation to respiratory COs during phagocytosis than during the resting state. They concluded that the activity of the direct oxidative pathway was markedly stimulated by phagocytosis. However, Katz and Wood (12) have shown that the ratio of C-l to C-6 oxidation does not always provide a valid measure of the activity of the pentose cycle.
In the present study the conversion of labeled ribose and xylose carbons to glycogen by leukocytes has been investigated. The labeling pattern observed in glycogen has been found to be consistent with the participation of the transketolase and transaldolase reactions in the formation of glycogen from these pentoses. -4 preliminary report of this work has been presented (13).
EXPERIMENTAL PROCEDURE Serum and leukocytes were obtained from male rabbits as described earlier (8). n-Ribose-l-C14
and D-xy10Se-l-C14, were obtained through the courtesy of Dr. H. Isbell of the National Bureau of Standards.
n-Xylose-2-V and n-xylose&Ci4 were generous gifts from Dr. A. C. Neish of the National Research Council of Canada. All experiments were performed in siliconized Erlenmeyer flasks provided with single side arms. The main compartment contained 2 x lo9 cells suspended in 10 ml of rabbit serum1 and 5 ml of Hanks' buffer (2) containing 0.22 mmoles of nonlabeled glucose. The Cl4 substrates were dissolved in 1 ml of the buffer and placed in the side arms. Incubation was at 37" for 4 hours under 95 y0 oxygen and 5 y0 CO2 and was terminated by the addition of 2 ml of 0.2 N sulfuric acid.2 The cells were separated by centrifugation and washed with buffer at 0". Lactate was isolated from the supernatant fraction, Glycogen from the cells was isolated and hydrolyzed as described previously (8). The resulting glucose was subjected to a bacterial degradation with Leuconostoc mesenteroides according to the procedure of Bernstein and Wood (15) . The lactic acid separated from the supernatant solution by ether extraction was degraded after its purification by chromatography as described previously (8). The degradation of each compound was checked for accuracy by comparing the sum of the activities of the individual carbons with the total activity of the compound as determined by total oxidation to CO2 with chromic acid (16). All Cl4 activities were assayed as COZ gas by the method of Bernstein and Ballentine (17).
RESULTS
The percentage incorporation of Cl4 into glycogen and lactic acid from the labeled pentoses is recorded in Table I . Whereas 1.2oj, of the total Cl4 activity of the ribose-l-Cl4 was accounted for in the glycogen of the cells, only 0.01 to 0.44y0 of xylose-Cl* was incorporated.3
This finding is in agreement with the results obtained by Hiatt in his experiments on mice (18). There was a marked difference in the magnitude of incorporation between * This work was supported by Grant No. C-3923 and C 4-1678 C-6 from the National Cancer Institute, National Institutes of Health, United States Public Health Service. The Cl4 was obtained on allocation from the Atomic Energy Commission.
1 Other investigators observed that respiration of polymorphonuclear leukocytes was significantly higher in serum than in synthetic medium.
Furthermore, maximal respiratory activity was maintained for a longer t.ime in serum (cf. McLeod and Rhoades (14) .
2 The leakage of cellular glycogen into the medium was less than 5% of the total glycogen.
3 Throughout this paper the n-configuration of the carbohydrates and related intermediates is implied even though not shown.
variously labeled xylose samples. Xylose-1-V and xylose-2-Cl4 contributed 0.44 and O.lO%, respectively, whereas xylose-5-Cl4 only contributed 0.01%.
The lactate in each case contained more Cl4 than the corresponding glycogen samples. With ribose as substrate 6.3% of the initial activity was accounted for in the isolated lactate, whereas with xylose as substrate 2.6 to 4.2y0 of the activity was accounted for. These values again indicate that ribose is utilized better than xylose by the leukocytes.
It is difficult to estimate accurately the over-all utilization of the pentoses, since both ribose and xylose were administered in very small quantities (2.5 pmoles).
Aside from Cl4 incorporation into glycogen and lactate this study made no attempt to measure Cl4 conversions into other parameters of metabolism.
The labeling pattern in the glucose units of the glycogen is presented in Table II . In the experiments with ribose-l-U4 and xylose-l-Cl4 the major Cl4 activity of glucose was in C-l although there was appreciable labeling in C-3 and C-6. There was minor or no incorporation of Cl4 into the other positions of the molecule. The ratio of C-l to C-3 was 7 with sylose and only 4 with ribose.
In esperiments with xylose-2-C14 85% of the radioactivity was in the C-2 position of the glucose and there were only minor incorporations of Cl4 in C-l, C-3, and C-5. With xylose-5-Cl4 all the radioactivity was confined to the C-6 position. The distribution of Cl4 in the lactate is shown in Table III and is compared with the sum of the activities of C-l and C-6, C-2 and C-5, and C-3 and C-4 of the glucose. Ribose-l-Cl4 and xylose-l-Cl4 yielded lactates with the P-carbon atoms having the highest activity followed by the carboxyl carbon atoms. Abbreviations: G-W', glyceraldehyde-3-P; F-6-P, fructose-6-P;
Xu-6-P, xylulose-5-P; E-J-P, erythrose-4-P; R-5-P, ribose-5-P. The ratio of P-carbon to carboxyl carbon activity was found to be 3.4 with ribose-l-Cl4 and 4.2 in the case of the xylose-1-W. The lactate was labeled primarily in the a-carbon with xylose-2-Cl4 and exclusively in the P-carbon with xylose-5-Cl4.
DISCUSSION
It is necessary in interpreting the present results to recall that most of the glycogen arises in leukocytes from glucose and that there is very little net synthesis of glycogen from carbon at the triose phosphate level (8). Cl4 at the triose level enters the glycogen primarily by a transaldolase exchange with fructose-6-P (19) and not by an aldolase reaction.
The ratios of Cl4 in C-l to C-3 in the glycogen from both ribose-l-Cl4 and xylose-l-Cl4 differ from the data reported by previous workers (18, 20, 21) . Horecker et al. (20) , using rat liver preparations, have found that pentose phosphate-l-W yields hexose monophosphate with 74% of the radioactivity in the C-l position and 24% in the C-3. These authors proposed that three molecules of pentose phosphate-l-C?4 are converted via the transketolase-transaldolase sequence to one molecule of unlabeled triose phosphate and two molecules of hexose phosphates with the latter containing twice as much 04 in C-l as in C-3. However, Katz et al. (21) using rat liver slices observed that glucose derived from ribose-l-C14 contained an equal labeling in C-l and C-3. Hiatt (18) observed greater labeling of C-3 than C-l in liver glycogen of mice fed ribose-1-Cl4. He suggested that due to the availability of hexose in the intact animal, fructose-6-P rather than xylulose-5-P might serve as the predominant glycolaldehyde donor and thus decrease the Cl4 activity in C-l as compared to C-3.
The results obtained with ribose-l-C14 and xylose-l-Cl% will be considered first with respect to the scheme shown in Fig. 1 . It is proposed that a large part of the Cl4 of the pentose enters the hexose phosphates via a transketolase exchange.
Since a large amount of unlabeled glucose is present in the serum this would give rise to unlabeled fructose-6-P and glyceraldehyde-3-P.
In the presence of transketolase some of the fructose-6-P would be converted to xylulose-5-P and erythrose-5-P.
By reversal of the reaction the erythrose-4-P would react with the labeled xylulose-5-P arising from the pentose-1-C14.
Thus fructose-6-P labeled in C-l would be formed as illustrated at the right side of Fig. 1 . This transketolase exchange would be superimposed on the usual transketolase-transaldolase sequence which leads to net synthesis of fructose-6-P from pentoses.
This latter sequence would yield hexose labeled in both C-l and C-3 as explained by Horecker et al. (20) and could presumably account for the activity observed in C-3 of the glucose, whereas the transketolase exchange would introduce excess Cl4 in C-l.
In addition, the labeled fructose-6-P would be converted via the glycolytic reactions to labeled triose-P.
The resulting glyceraldehyde-3-P then would enter the fructose-6-P via a transaldolase exchange as explained previously (8) and label the hexose phosphate in C-4 and C-6.
The ratio of Cl4 in C-l and C-3 was 7 with xylose-l-Cl4 as compared to 4 for ribose-104.
The higher ratio with xylose is explainable since xylulose-5-P is formed more directly from the xylose than from ribose and xylulose-5-P is the donor substrate in the transketolase reaction.
With xylose-2-Cl4 the highest labeling was in C-2 of the glucose of glycogen.
This distribution also may be accounted for by the transketolase-transaldolase reactions and by the transketolase exchange.
Wood and Katz (22) and Katz and Wood (12) have considered at length the randomization of Cl4 which occurs in hexose monophosphate as it passes several times through the oxidative pentose cycle. They show that the Cl4 would randomize from C-2 into C-l and C-3 of the hexose with more Cl* in the C-l than C-3. This did not occur with xylose-2-Cl4 and therefore extensive recycling via the pentose cycle does not appear to occur in the leukocyte.
XyloseACl4 gave a hexose unit with the Cl4 exclusively in the C-6 position.
This also is in agreement with the proposed reactions since both the transaldolase and transketolase reactions would yield C-6 labeled hexoses. One would expect some activity in C-l of the glucose, if hexose were formed by the aldolase reaction.
None was found in this position which is in agreement with previous studies (8) which showed that very little glycogen is formed by way of the aldolase reaction.
It is of interest that xylose-5-Cl4 gave a much smaller incorporation of label into glycogen than xylose-1-C14. The difference between the two xyloses indicates that the transketolase catalyzed exchange reaction probably makes a major contribution to the labeling in glycogen.
The data from the lactate degradations indicate that the hexose monophosphates are catabolized to lactic acid through the Embden-Meyerhof pathway. Via this pathway C-l and C-6 of the hexose carbon chain should become the P-carbon, C-2 and C-5 the a-carbon, and C-3 and C-4 the carboxyl carbon of lactate.
The data in Table III are in fair agreement with these views and indicate that the Embden-Meyerhof pathway is the main catabolic route of the hexose monophosphates.
SUMMARY
Rabbit polymorphonuclear leukocytes were incubated with C14-labeled pentoses in vitro.
The lactate and glycogen were isolated and the Cl4 distribution determined by degradation. n-Ribose was found to be converted to glycogen and lactate more efficiently than n-xylose.
n-Ribose-l-C14 and n-xylosel-Cl4 yielded glycogen labeled primarily in carbon 1 with smaller amounts in carbon 3 and carbon 6. The ratio of Cl4 of carbon 1 to carbon 3 was 4 with ribose and 7 with xylose. These high ratios are believed to occur because of an exchange reaction catalyzed by transketolase accompanied by a slow net synthesis of glycogen from pentose via the transketolase-transaldolase sequence. Most of the Cl4 activity from D-xylose-2-Cl4 was in carbon 2 of the glycogen and n-xylose-5-C?4 gave a glycogen with the isotope exclusively in carbon 6.
